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Most ceils or tissues when placed in distilled water increase in size 
owing to the entrance of the water into the ceils and this swelling has 
frequently been compared to the swelling of simpler systems such as 
gelatin blocks.  In preceding papers  (1)  formulae have been derived 
which predict the course of the swelling of gelatin or the rate of en- 
trance of water into a  collodion membrane in a satisfactory way.  If 
the swelling of plant or animal ceils and tissues is really analogous to 
the swelling of gelatin or to the increase in weight of a membrane con- 
taining an osmotically active solution, it might be expected that the 
same formulae could be used to predict the rate of swelling of cells or 
tissues.  In the present paper data on the swelling of Arbacia eggs and 
on the swelling of slices of carrots or potatoes have been found to agree 
quite well with the formulae referred to above. 
Swelling of Arbacia Eggs. 
The swelling of fertilized and unfertilized Arbacia eggs when placed 
in  sea water diluted with  tap  water was  studied by Lillie  (2)  who 
measured the increase in diameter of the eggs and computed the in- 
crease in volume.  The results calculated to cc. are shown in Fig. 1 in 
which a smooth curve has been drawn through the experimental points. 
The figure  shows that the fertilized eggs and the eggs on which fertiliza- 
tion membranes have been produced swell much more rapidly than the 
unfertilized eggs and soon reach a maximum.  As Lillie points out, the 
increase in volume of the eggs should be proportional to the dilution of 
the sea water in which they are placed, if they are simple osmometers. 
Since the sea water was diluted 2½ times the eggs should increase in 
volume 2½ times.  However they only double in size.  Since the eggs 
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contain probably 20 to 30 per cent dry weight, and since it is the water 
content which should theoretically increase in proportion  to the dilu- 
tion of the sea water, this discrepancy would be partially corrected for 
if the calculation were made on a water basis rather than on the total 
volume.  The  expected increase in volume would also be less if the 
membrane were sufficiently elastic to oppose the entrance of the water. 
In  the  experiments  of Lucke and  McCutcheon  (3),  to be discussed 
later,  it was found that  the increase in size was nearly equal to that 
expected from the dilution of the sea water.  It seems probable there- 
fore that  the force required  to stretch  the egg membrane is small and 
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it has  therefore been neglected in the following calculation.  It has 
also been found by trial calculations that corrections for this elasticity 
or for the dry weight content of the egg fail to affect the results by 
more than the experimental  error. 
Lillie clearly recognized that the entrance of the water was a purely 
osmotic phenomenon,  and that the rate was regulated by the permea- 
bility of the membrane and by the difference in the osmotic pressure of 
the  inside  and  outside  solutions.  He  assumed  that  all  the  other 
factors except the osmotic pressure difference were constant and there- 
fore calculated the results on the basis of diffusion.  He assumed, as JOHN H. NORTIIROP  45 
have other workers, that the rate of diffusion under these conditions 
should be proportional to the difference in pressure or, 
dr 
--  =  K(P.  --  P.).  dt 
Lillie, in conformity with other workers, writes the integral of this 
equation as 
1  P.  -  P,,,  K =  -ln 
t  Pt -- P. 
in which P. is the initial pressure in  the  egg, P. the pressure of the 
external solution and P, the pressure at time t.  It is then assumed that 
since the pressure is inversely proportional to the volume, the equation 
becomes 
I  r~  --  ro  K=-In~ 
t  r~  ~  rt 
where v.q  is  the equilibrium volume.  It appears to the writer, how- 
ever, that in order to integrate the equation given above it is neces- 
sary to  express P  in  terms of  v before  integrating.  Substituting P--~" 
for P.  in the differential equation and adding the terms for the area 
and thickness of the membrane, the equation becomes 
dtdr-  ffi  cs (Pf _  p.),_h 
or 
C  =  ~\Vo-  rt +2.3r,  logr' 
in which S is the surface of the membrane, Po the "osmotic constant" 
of the solution inside the membrane, P, the osmotic pressure of the 
external solution (assumed constant),  v, the  volume at  equilibrium, 
Vo the volume at the beginning of the experiment, h the thickness of the 
membrane and C the diffusion or "permeability" constant (1).  In the 
units used by the writer C represents the cc. of water which will pass 
through 1 sq. cm. of membrane  1 cm. thick in 1 hour under 1 ram. Hg 
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surface, thickness,  and elasticity of the cell, and the osmotic pressure 
of the external solution, are considered constant as in this case.  If the 
membrane is considered to be elastic or if  the pressure of the outside 
solution  changes,  another  term  must  be  added.  This  equation  has 
been found to agree with the rate of osmosis through collodion mem- 
branes  (1). 
Lillie's experiments have been calculated by this equation and the 
results are shown in Table I.  The monomolecular constants are given 
for comparison.  The  values  used  for the volumes  have  been  inter- 
polated from the smooth curve since this procedure brings out better 
any drift of the constant which may be obscured by accidental varia- 
TABLE  I. 
Swelling of Arbada Eggs in 40 Per Cent Sea Water after Lillie. 
v,  ---  4.0  ×  10 -7  co.  Vo--2.1X10  -7cc.  S  =  1.7  ×10 -Ssq.cm. 
4.6  ×  10 -8  ram.  Hg. 
= 
X  I0; 
cc. 
2.5 
2.7 
2.9 
3.1 
3.5 
Fertilized 
hrs. 
.0080  12.9 
.0130  12.7 
.0200  11.9 
.0290  11.2 
.0550  10.5 
C  ~- X  10s 
3.52 
3.62 
3.57 
3.52 
3.66 
hTs. 
.0095 
.0160 
.0240 
•  0350 
.070 
Artificial  membrane 
Km 
10.9 
10.3 
10.3 
9.3 
8.4 
C 
T  X  10s 
2.98 
2.97 
2.97 
2.91 
2.92 
tion in  the case of the experimental points  themselves.  The  table 
shows that the monomolecular constant decreases as Lillie stated in 
the case of the fertilized and artificial membrane eggs, while equation 
(1) gives constant values. 
The  entrance of water  into  the  eggs  therefore follows the  same 
course as  the entrance of water into collodion membranes.  In  the 
case of the collodion membrane there is no increase in size of the mem- 
brane,  and  the  surface  and  thickness are  therefore constant.  The 
eggs however increase in volume and the  surface therefore also  in- 
creases.  It might be expected therefore that this factor would have 
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the surface was constant would not fit.  Apparently, however, in the 
case of the fertilized eggs, this is not the case.  The results indicate 
that the "diffusing surface" of the fertilized egg is not changed by the 
increase in volume or, if it is considered that the water enters through 
pores, that the number, radius and length of the pores is unchanged by 
the swelling. 
The value of C/h is about 3 X  10-5,which is about ten times smaller 
than the corresponding figure for collodion membranes (1).  Since the 
egg membrane is probably less than one  thousandth as thick as the 
collodion one, the permeability through the same thickness of mem- 
brane would be more than a thousand  times as great for collodion as 
for  the  egg membrane.  The  results  quantitatively  confirm Lillie's 
statement that the egg membrane is relatively impermeable to water. 
Unfertilized  Eggs. 
The course of the swelling of unfertilized eggs follows the mono- 
molecular formula quite closely in Lillie's experiments.  The swelling 
of unfertilized eggs has  been  studied  in  detail  by Lucke  and  Mc- 
Cutcheon (3), and these workers also state that the swelling follows 
the monomolecular formula.  Recalculation of their results shows a 
slight rise in the monomolecular constant in most cases (which however 
is probably hardly outside the experimental error), while the constant 
of equation (1) shows a definite increase.  If the correction is made for 
the dry weight content of the egg, this increase in the monomoleculai 
constant is slightly greater but even then is not marked.  As stated 
above,  this increase in" the rate might be expected owing to the in- 
crease in surface of the egg.  This effect can be taken into account in 
two ways, both of which however lead to the same equation.  If the 
volume of the membrane is assumed to remain constant and the rate 
of diffusion is assumed proportional to the surface and inversely pro- 
portional to the thickness of the membrane, then,  since the surface 
times the thickness equals the volume (which has been assumed con- 
stant), S/h  = 25v~/m, where m is the volume of the membrane.  If, on 
the other hand,  the water is  supposed to flow through pores in the 
membrane, it  may be  assumed that  the increase in  surface during 
swelling is due to the increase in the size of the pores, and that the 
solid membrane surface remains practically constant.  The surface of 48  SWELLING OF CELLS AND TISSLrES 
the pores will be proportional  to  5v],  and since according to  Poise- 
uille's law the rate of flow through fine capillaries is proportional to 
the fourth power of the radius or to the square of the surface, the rate 
will be proportional again to 25v~. 
The differential equation for the rate of swelling, then, neglecting the 
elasticity of the membrane and assuming that the osmotic pressure in 
the egg is inversely proportional to the volume of the egg, is 
or, on integration, 
c,  =  ~  1.1s  log  (v~-  ,3)'  +  v'~  tan-~  ~.~7v/-~j-  - 
1.15  log Vo~  +  + 
(Vol  - -- v.~)  ,  -{- V3  tan  -I  v.~-  V3 J J'  (2~ 
in which the second term represents the integration constant. 
The  results  of some of Lucke and McCutcheon's experiments at 
different temperatures are given in Fig. 2, and  the  constants calcu- 
lated by the monomolecular equation and by equation (2) in Table II. 
The monomolecular constants show a  slight rise in most cases, while 
the constant of equation (2) shows in some cases a decrease. 
It may be noted that if the water is supposed to flow through holes 
in the membrane then the constant C, contains the viscosity of water 
and should be corrected for the viscosity of water before comparing the 
values at different temperatures.  It should also be corrected for the 
effect of temperature on the osmotic pressure, but since this is pro- 
portional to the absolute temperature this correction may be neglected 
for small changes in temperature.  When the viscosity correction has 
been made the values of C given in the last row of Table II are obtained, 
and show a  small and irregular temperature coefficient.  The values 
of C in this equation cannot be compared directly with those obtained 
in  equation  (1),  since  they  contain  another  constant  representing 
either the volume of the membrane or the ratio of total surface to pore 
surface depending on which mechanism is assumed to be at work. JOHN H,  NORTI~ROP  49 
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Summary. 
v,,  --- 2.20  X  10 -7 cc. 
TABLE  II, 
Monomolecular and Osmotic Pressure Constants. 
v,  =  5.0  X  10 -7 cc.  Po  --- 4.7  X  10 -8 ram. Hg. 
× 
26 
30 
34 
38 
C2X 103= 
v  XIO ~= 
C  X  105= 
d 
11" 
.82 
.77 
13" 
x  x 
1.50  .97  1.81 
1.41  .93  1.69 
.96  1.67 
1.45  1.72 
1.30  1.22 
1.9  2.1 
14.8  °  20.5 ° 
x  X 
.77  1.42  1.38  2.54 
78  1.41  1 42  2.62 
.79  1.38  1.50  2.62 
2.67 
1.40  2.60 
1.14  1.00 
1.6  2.6 
22.8* 
& 
X 
1.8  3.22 
1.86  3.35 
2.0  3.4~ 
3.54 
3.4C 
.95 
3.2 
25  ° 
x 
d 
1.55  3.47 
1.69  3.45 
1.84  3.55 
3.6~ 
3.53 
.8g 
3.1 50  SWELLING OF CELLS AND TISSUES 
Effect of the Concentration  of the Sea Waters. 
Lucke and McCutcheon (3) also obtained some interesting results in 
connection with the effect of the concentration of sea water on the rate 
of swelling.  They found that when the monomolecular constants for 
the process were compared, the constants decrease rapidly as the con- 
centration of sea water in which the eggs were placed decreased.  The 
permeability of the eggs to water was therefore apparently much less 
in dilute than in concentrated sea water.  According to the mechanism 
of  the  process  outlined  above,  the  "permeability constant"  C, is 
approximately proportional to the monomolecular constant times the 
volume at equilibrium, i.e. 
TABLE  III. 
R~te of Swelling of Arbacia Eggs in Various Concentrations of Sea Water. 
Per cent sea water  80 
K ...............  072  | 
~. X  l0  g cc ......  [  240 
Kv  ..............  I~  17.3 
60 
.024 
350 
8.4 
40 
.012 
500 
6.0 
20 
.006 
1050 
6.3 
When the values of K,~ obtained by Lucke and McCutcheon are cor- 
rected in this way the values shown in Table III are obtained.  They 
still show that the membrane is less permeable in 20, 40  and 60 per 
cent sea water than in 80 per cent, but the differences are not so marked 
as is the case with the monomolecular constant itself. 
Swelling of Plant Tissue. 
In  the  case  of  Arbacia  eggs just considered the resistance to the 
entrance of the water is localized at the membrane, and in confirmation 
of this it was found that the kinetics of the reaction is analogous to that 
of water entering a collodion bag.  In the case of material like gelatin, 
however, it is evident that the entire mass offers resistance to the pas- 
sage of the water and that the resistance is not confined to the surface 
layers.  It would be expected therefore that the swelling curves for JOHN H. NORTIIROP  51 
gelatin would be quite different from those for the passage of water 
into collodion sacs, and this was found to be the case.  The swelling of 
slices of carrot or potato as studied by Stiles and JCrgensen (4) should 
presumably follow approximately the same course as that found for 
gelatin, since the structure of such tissues isvery similar to that assumed 
for the gelatin. 
Stiles and JCrgensen found that slices of potato or carrot neither 
lost nor gained weight when placed in ~s/4 sugar or in M/8 NaCI, lost 
weight in more concentrated solutions and gained weight in more dilute 
solutions.  They assume that the tissue is permeable only to water 
under these conditions.  The results of these experiments are shown 
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FIG. 3. Swelling of  shoes of  potato in  salt  or  sugar  solutions. 
in Fig. 3, in which the osmotic pressure of the NaC1 in atmospheres as 
calculated from the freezing point  depression  (5)  has  been  plotted 
against the volume of the potato slices expressed as gm. water per gin. 
dry weight.  If it is assumed that the tissue is an elastic body, and that 
the water is drawn in by the difference in the osmotic pressure of the 
solutions inside and outside of the tissue, and further that this osmotic 
pressure is inversely proportional to the water content of the tissue, 
then  the  equilibrium  condition will  be  defined (1)  by the equation 
Po  K.(V.-  v,) 
V.  Vl 52  SWELLING OF CELLS AND TISSUES 
where  Po  is  the  osmotic  constant  of  the  inside  solution  (i.e.P.-."  Vo 
equals the osmotic pressure of the salt solution which causes no change 
in volume), P, is the osmotic pressure of  the salt solution  in  which 
the tissue is immersed, V~ is the volume of water per gm. dry weight 
at equilibrium, V/the volume when under no  strain  and K,  the bulk 
modulus.  The values of  Ko calculated from the data are shown in 
Table IV.  Pressure which tends to remove water is called negative, 
and pressure required to add water, positive.  The table shows that 
the value of Ke, which may be defined as the pressure in atmospheres 
required to change the volume by an amount equal to the volume of 
TABLE  IV. 
Swelling of Potato in Various Concentrations of NaCI. 
V/  =3.00  Po  =  15.00 
V=  gin. H20 
gin. dry wt. 
2.56 
2.72 
2.88 
3.04 
3.08 
3.16 
3.24 
3.68 
NaCI 
Moles per 1000 gin. H20 
.20 
.16 
•  143 
•  125 
.10 
.083 
•  050 
.000 
Osmotic pressure BIaC1 
Atmospheres 
8.4 
6.5 
5.8 
5.0 
4.0 
3.5 
2.2 
0 
K e 
Atmospheres 
17 
10 
13 
35 
25 
33 
18 
water originally present, is about 14 when the water is removed and 
about 30 when water is added•  The values of K, show quite  large 
variations, but they are within the experimental error (except for the 
value in distilled water), since the equation is of such form that small 
errors in the experimental value are greatly exaggerated in calculating 
the value of K,.  In the case of distilled water the value suddenly 
decreases; that is, the tissue swells more than would be expected from 
the other results.  This is the usual result with elastic substances when 
the elastic limit has been exceeded.  The figures show that a very con- 
siderable force is required to either increase or decrease the size of the 
tissue and that as might be expected less force is required to contract 
than to expand it. JO~N H. NORTHROP  53 
Kinetics of the Swelling Process. 
The rate at which water enters the tissue was also determined by 
Stiles and JCrgensen.  In the case of potato there seems to be some 
doubt as to whether a  true equilibrium value is reached in distilled 
water, and the writer was unable to assign any very definite value to 
this  equilibrium volume from the data published.  The data for the 
swelling of slices of carrot, however, at various temperatures, show a 
definite maximum and these experiments have been used.  Stiles and 
J~rgensen's results are shown graphically in Fig. 4, in which the in- 
crease in weight of slices of carrots in distilled water at 10  °, 20  ° and 
cc~1~71 
M 
35 
31 
30 
Hour~ 
¢ 
1.0 
Fro. 4.  Swelling of slices of carrot in distilled water at various temperatures. 
30  ° expressed as gin. water per gin. dry weight has been plotted against 
the time in hours. 
Stiles and JCrgensen considered that the water entered the cell owing 
to osmotic forces, and that this entrance was opposed by the elasticity 
of the  tissue.  They also  point  out that  the process was probably 
analogous to the swelling of simpler systems such as gelatin blocks, so 
that  the present treatment does little more than express their con- 
clusions in mathematical form. 
If the water is assumed to flow through small pores in the tissue (in 
this case possibly the spaces between the cells), in order to reach the 54  SWELLING OF CELLS AND TISSUES 
cells away from the surface then the rate of flow through the tissue as 
a whole will be expressed by Poiseuille's law 
dv  C~  SP 
~=  ,lh  ' 
in which v is the volume of water, r  the radius of the pores, S  the sur- 
face of the  piece of tissue  (assumed  proportional  to  the  number  of 
pores), P  the swelling pressure,  n the viscosity of water at the tempera- 
ture used, and h the distance through which the water has to diffuse. 
C, the "permeability constant," will therefore be the cc. of water that 
will flow through 1 sq. cm. of tissue 1 cm. thick in 1 hour under 1 ram. 
Hg pressure.  In the case of gelatin it was found that the rate of flow 
of water was less in swollen than in unswollen  blocks, so  that r 4 was 
assumed inversely proportional  to  V.  In the case of slices S  is con- 
V  stant and h is equal to ~-~, since the water enters from both sides and 
the average distance traversed by the water will be } the thickness of 
the block.  The swelling pressure will be equal to the difference be- 
tween the osmotic pressure and the elastic force or 
•o  K.(v°-  vA  Pffi 
v  D 
In order to express the results as volume of water per gin. dry weight, 
let v -- Vg and hence dv =gdV where v is the total volume of water, V is 
the volume of water per gm.  dry weight and g is the weight of solid 
material.  Substituting these values the differential equation becomes 
dv  2 c  s s Po  (v, -  v)  (w  +  D) 
d~  V* V  I  V° g*  ' 
the integral of which is: 
C  gt V, V! V  _  t 
~" =  2 P,, $*t L  2b  + 
Ke Ve  in which  b =  --~-. 
(b V.  --  VI)  (re  --  V)  2.3  Vo*  V,  -  Vo 
+  log 
b  2  (bV,+  Ve)  V.--  V 
2.3 v,,  log  v,  v_] 
b  a (b V,  +  V/)  V/ +  b V._]' JOHN H. NORTmtOP  55 
In this  case V, is the same as 11/since it is assumed that the tissue 
is  under  little  or no  strain  before being  placed  in  water.  Table  V 
shows the values of C calculated from the experiments by means of this 
formula.  The last row gives the value corrected for viscosity.  The 
table shows that the value is fairly constant for the different times, and 
also that there is little or no effect of temperature.  This may be con- 
sidered as indicating  that the water does flow through fine pores and 
that  the temperature  coefficient is therefore  that  of the viscosity of 
water. 
The  foregoing  results  indicate  that  the  formulae  derived  for  the 
swelling of gelatin  may be used at least as a  first approximation  for 
TABLE  V. 
Swelling of Slices of Carrot in Distilled Water at Various Temperatures. 
g  =.45  Po  =  10.5  ×103  V,  =3.0  V,  =  3.70  K,  =  13  ×  103  S  =  5.0 
sq. cm. 
10"  20*  30* 
V  C  C  C 
X  10.  -~ X  106  --  X  10. 
3.32 
3.47 
3.60 
C 
Average- X  106 
n  Xl& 
C  X  108 
9.55 
9.37 
8.70 
9.2 
1.31 
12.0 
14.9 
13.3 
13.2 
13.5 
1.00 
13.5 
19.1 
18.8 
16.8 
18.2 
.800 
14.5 
the swelling of tissues and cells in certain  cases.  It may be pointed 
out that they cannot be used unless there is evidence that only water 
passes the membrane, that there is really a fairly constant bulk modulus, 
and  unless the equation  connecting  the  change in pressure with the 
increase in volume is known.  In most of the experiments  reported 
these conditions are not fulfilled.  The swelling of Xanthium seeds for 
instance,  studied by Shull  (6), as well as results with other seeds, is 
difficult to interpret owing to the fact that the relation of the pressure 
to volume is not known and certainly cannot be assumed to be a simple 
inverse ratio as has been assumed for the present tissues which con- 
tain a  very much larger amount of water originally.  The writer has 56  SWELLING OF CELLS AND TISSITES 
found  that  by  using  an  empirical exponential relation  between the 
pressure and volume in Xanthium, the rate of swelling may be approxi- 
mately calculated; but the method used really amounts to introducing 
two new arbitrary constants in the formula and deprives the results of 
their significance. 
SUMMARY. 
The rate of swelling of Arbacia eggs in dilute sea water, studied by 
Lillie and by Lucke and McCutcheon, may be expressed by the for- 
mulae derived for the rate of increase in volume of a solution enclosed 
in a collodion sac. 
The rate of swelling of slices of carrot in distilled water, measured by 
Stiles and Jg~rgensen, may be expressed by the equation derived pre- 
viously for the swelling of similarly shaped blocks of gelatin. 
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